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FABRICAHON OF ORGANIC SEMICXDNDUCTOR DEVICES USING INK 
JET PRINTING 

seecmcahqn 
background of thp. tnvk>qtt()]^ 

FIELD OF THR INVRNTrnN 

The invention relates to methods of making semiconductor devices using 
oiianic active layers. The method involves the direct deposition of patterned 
luminescent doped polymers by ink jet printing, and die fabrication of organic Kght 
emitting diodes (OLED's) and oflier semiconductor devices from ink-jet-deposited 
organic films. 

RELATP-n ART 

Recently, tiiere has been increased interest in light emitting diodes made from 
organic polymers because of Iheir potential low cost and potential q)plicabilily to color 
flat panel displays. The organic materials are typically dqrasited by spin-coating (in 
the case of polymer materials), or by evaporation (in tiie case of small organic 
molecules). In dflier case, flie single material covras flie substrate so tiiat only devices 
of a single color can generally be febricated. The straightforward integration of 
multiple organic layers (for tiie fabrication of red, green, and blue emitters for color 
displays) would require tiie patterning of tiie individual organic layers. Because of 
tiieir solubility in and sensitivity to aqueous sobitions and many solvents, such 
patterning of organic materials by conventional photoresist and wet processing 
techniques is difficult Efiforts to date to integrate organic light emitting diodes 
(OLED's) firan materials which emit different colors on the same substrate have 
patterned fliran only indnecfly (through the use of calhodes ev^woated tiirou^ shadow 
mask as dry-etch masks), or avoided tfie issue all together by putting tiie Haec devices 
on top of each otiier (relying on diadow ma^ to pattern flie organics so tiiat contacts 
to die multiple layers may be made). 

Dififerent colors are obtained in light emitting diodes by placing red, green and 
blue emitting materials in proximity to each otiier using photoresist patterning and 
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etching techniques to transfer the photoresist pattern into the polymer; however, such 
photoresist techniques are injq^plicable to organic materials because the chemicals uses 
for the photoresist process are incompatible with organic materials. Similarly, 
patterning subsequent layers on top of tiie organic (such as metal contacts) is difficult 
5 for the same reason. Vacuum deposited organic layers and metals may be patterned by 
evaporating them through shadow masks, but this technology is difficult to extend to 
large areas. 

Other efforts using ink-jet printing in Ihe febricadon of semiconductor devices 
include: 

10 U.S. Patent 4,736,704 to Henninger , deposits solder masking to a circuit board 

using an ink-jet like technique. 

U.S. Patent 5,132,248 to Dmmmond et al, disclose the deposition of materials 
on a substrate by ink-jet printing. The materials are formulated as colloidal 
suspensions. The materials discloses are metals, alloys, dielectrics and 
1 5 siq[)erconductors. 

However, none of these previous efforts relate directly to the deposition of 
organics on a substrate by ink-jet printing. 
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OR JECTS AND SUMMARY OF THF. TNVFNTTON 
It is an object and advantage of the invention is to provide a method which 
enables the use of the direct deposition of patterned semiconducting polymers, 
including luminescent polymers and doped polymers by ink jet printing. 
S Another object of the present invention is to provide for the successful 

fibrication of oiganic light enoitting diodes and other semiconductor devices fiom ink* 
jet-deposited organic fihns. 

Still ano&er object and advantage of the invention is to form devices of the 
class described with conmiercially available ink-jet printers. 
10 A further object and advantage of the invention is the provision of a method 

using ink-jet printers where the ink cartridges are replaced with polymer solutions. 

Even another object of the invention is to provide a method that employs a 
hole-transport polymer poly-vinylcarbazol (PVK) and light emitting dyes coumarin 6 
(C6), coumarin 47 (C47) and nile red dissolved into a chloroform solution. 
IS A still further object and advantage of the invention is the provision of a 

method and apparatus which employs ink-jet printing where, aft^ deposition, the 
chloroform evaporates leaving a doped polymer material. 

An additional object of the present invention is to provide a resultant product 
fiom solutions having typical concentrations of FVK dissolved in chloroform of lOgA, 
20 and dye dissolved in chloroform of O.lg/1 to yield on the order of 1% dye in the PVK. 

An additional object of the present invention is the provision of a process for 
forming organic light emitting diodes and other semiconductor devices. 

Even an additional object of the invention is to provide a process of forming 
organic ligfht emitting diodes and oth^ semiconductor devices using ink-jet printing. 
2S Still even an additional object of the present invention is the ability to use ink- 

jet printing to deposit organic materials on a substrate. 

Yet an additional object of the present mvention is to provide a process using 
ink-jet printing for deposition of Ixmiinescent polymers. 

A further object of this invention is the provision of a process using ink-jet 
30 printing for fabricating top and bottom contacts onto a substrate. 
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A still fiather object of the invaition is the provision of a process for ink-jet 
&brication of active or passive matrices. 

The methods of this invention involve the direct deposition of patterned 
luminescent doped polymers by ink jet printing, and the fabrication of OLED's ftom 
5 ink-jet-deposiled organic fihns. OLED's formed in accordance with this invention may 
have multiple organic layers on top of one another. Not aU layers need be famiinescent. 
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BRIEF DEf^CRTPTTO N OF THE PR A WTNG?^ 
Other important objects and features of the invention will be apparent from the 
following Detailed Description of the Invention taken in connection with the 
accompanying drawings in which: 
5 Fig. 1(a) is an optical micrognqjh of ink jet printed dots from above, and Fig. 

1(b) is plot of the surface profile of a dot 

Fig. 2 is a photognq)h of ink-jet jninted luminescent polymer letters of nile red 
doped PVK excited by an ultraviolet lamp. The letters ink-jet printed using "bold" 
mode. 

10 Fig. 3 is a plot of the photolummescence spectra of ink-jet printed and spin- 

coated PVK fihn doped with C47 (blue), C6 (green), and nile red. 

Fig. 4 is a plot of current vs. voltage for devices fabricated with ink-jet 
printed and spin-coated fihns of PVK doped with C6. 

Fig. 5 is a plot of luminescence vs. current for two of the devices of Fig. 4. 
15 Fig. 6a - 6c illustrate the steps of the method of the presmt invention. 

Figs. 7a - 7c illustrate the steps of fabricating organic light emitting diodes 
using ink-jet printing. 

Figs. 8a - 8c illustrate the fabrication of red green and blue devices on a 
common substrate. 

20 Figs. 9a - 9c illustrate the use of ink-jet printing for fabricating bottom 

contacts. 

Figs. 10a -10c illustrate fabrication of top contacts using ink-jet printing. 
Figs. 11a - 11c illustrate the use of ink-jet printing to fabricate three color 
OLEDs. 

25 Figs. 12a - 12d illustrate the use ink-jet printing to fabricate a passive matrix. 

Figs. 13a - 13c illustrate flie fiibrication of an active matrix. 
Figs. 14 (a) - (b) illustrate the formation of thin fihn field efiect transistors. 
Fig. IS illustrates a modified method of fribricating OLED devices 
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DETAILEPPFSCRTPTTON OF THF. T>vr^>JTTn]^ 
The present invention relates to a method of fabricating semiconductor devices, 
such as OLED's by ink-jet printing patterned luminescent polymer films. 

In an example of the method of the present invention, the ink-jet prints used 
5 was a Cannon PJ-1080A Color Ink-Jet Printer witii a resolution of 640 dots per line. 
This printer uses piezoelectric technology to squirt ink droplets fi»m a nozzle with a 
65-^im opening. There are four ink cartridges and four nozzles enabling the printer 
to print four different colors simultaneously. As the printer head scans the page and 
tfie piezoelectric materials are pulsed, ink is squirted fh)m the nozzles onto the page. 
10 The only modification to the ink-jet printer for printing OLED's was to replace the ink 
cartridges with polymer solutions. Ink jet printing has previously been used to 
manufacture color-filters for Liquid Crystal Displays, but not to apply luminescent 
polymers. 

The organic materials used were similar to tiiose used by Wu. et al. , TRF^p . 

15 Trans. Electron Devices 44, 1269 (1997), using doped polymer blends deposited by 
spin-coating, in y^ch OLED's with over 1% extemal quantijm efficiency and 
brig^itness of 4000 cd/m* were produced. The hole-transport polymer poly- 
vinylcarbazol (PVK) and light emitting dyes coumarin 6 (06), coumarin 47 (047) and 
nile red wae dissolved into chloroform solution, ^ch was then dqwsited by ink-jet 

20 printing, or spin coating for conq)arison! Aftw dqwsition, the chloroform evjqjorates 
leavmg a doped polymer material. Typical concenfrations of PVK dissolved in 
chloroform were lOg/1, and dye dissolved in chloroform were O.lg/1, yielding on tiie 
order of 1% dye in tiie PVK. These concentrations are less than those used for spin- 
coating, which were typicaUy 15.4g/l PVK in chlorofonn and 0.05g/l dye in 

25 chlorofonn, yielding on the order of 03% dye in the PVK. In this initial ink-jet 
printing work, no electron tanspwt agmt was used. PVK, which had a high wei^t- 
average molecular weight M„ of 1 100 000 g/mole reported by the supplier, was 
purchased from Aldrich Chemical Inc. and used as received. Green dye 06 and blue 
dye 047 were purchased from Lambda Physik Inc. Nile red was purchased fiom 

30 Aldrich. Chloroform solutions contaming different amounts of PVK and luminescait 
materials wctc prepared by stirring and were passed through 0.45-|im filters. Ink-jet 
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printed thin films were printed onto 175-nm thick flexible polyester coated with 
indium tin oxide (TTO). Before deposition, the ITO was treated with an oxygen 
plasma to modify its surface properties for OLED's . 

Fig. 1(a) and 1(b) show an optical microgrsq}h of a number of ink-jet printed 
5 dots and a surface profile of the shape of a typical dot. The thickness of the dots 
ranged firom 400 to 700 Angstroms and the dot widths ranged j&om 150 to 200 jim. 
The larger diameter dots tended to be thicker, mdicating thickness variation is due to 
the total amount of deposited solution. In the optical micrograph of Fig. 1(a), some 
structure can be seen within the dot, which^may be evidence of some mass transport 

10 due to segregation as the solvent evaporated. To demonstrate the ability of the ink-jet 
printing technique to deposit patterns, PVK doped with C6 dye was deposited with an 
ink-jet printed test pattern. This substrate was then illuminated using ultra violet 
excitation, and a photograph, Fig. 2, was taken of the red emission of the patterned 
polymer. A filter was used to cut out most of the 42Qnm polyester/PVK luminescence. 

15 During the experiment the ink-jet printer was operated m the "bold" mode, which 
causes the printer to print every dot twice, which is why the letters appear double. 

Fig. 3 shows the photoluminescence spectra of three individual ink-jet printed 
thin fihns and spin-coated fihns made &om the same solution, each with a different 
dye. The spin-coated fihns were spun-pn at a speed of 4000 rpm for 60s. The 

20 photoluminescence was measured using a Peridn-Ekner LS50 luminescence 
spectrometer with an excitation X of 380 nm for the C47 doped fitai and 440 and 520 
nm for C6 and nile red doped films, respectively. No significant difference in shape 
or magnitude is seen between the films prepared by ink-jet printing vs. spin coating. 
It should be noted that the peak of 42Qnm in the C47 spectra is due to a combination 
. 25 of the polyester substrate and the PVK host, not the deposited fihn. The dye 
luminescence appears as a peak at 4S0nm on the shoulder of the 420nm peak. 

It was difiBcult to febricate devices directly on top of the polymer dots 
febricated by ink-jet printing because of the difBculty m aligning a shadow mask for 
metal cathode formation directly over a polymer dot. Therefore to febricate test 

30 devices the ink-jet printer was operated in a mode to create a continuous sheet of 
polymer rather than discrete dots. After ink-jet printing, the samples were loaded into 
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a vacuum chamber with a base pressure of <10 ' torr for the metallization step of 
device febrication. Typically, at least -90 min were allowed between loading of 
samples and metal ev^oration, and no further heating of sanq)les was done. Top 
metal cathodes were deposited through a shadow mask to form an anay of 250-^m 
5 diameter devices on the polymer fihn. Metal alloys such as Mg : Ag (10:1) were 
deposited by co-evaporation from two separate sources, followed by the dq)osition of 
Ag as a protective layer. Hie HO on flie polyester sheet served as the anode. The 
devices were then measured in air without any protective coating. 

Fig. 4 shows the I-V curves of typical devices made by this procedure and a 

10 control device febricated on a fihn spin-coated from the same polymer solution. The 
organic fihn thickness of the control device was about 50 nm. Current densities of 
-mA/cm^ are achieved at a voltage of ~7V for the control device, and -6-1 IV for the 
ink-jet printed devices. Ahnost all of the voltages are lower than the drive voltage of 
-10-1 IV seen in WH.etal. on doped PVK devices without an electron tranqjort agent, 

15 but in Wh. 6t al. the organic fliickness was -lOOnm. Fig. 5 shows the L-I characteristic 
of the two devices, which shows that the efBciency of flie faik-jet printed device is 
about a frictor of two less efficient than the spin coated device. 

The methods of the present invention directly dq>osit the desired organic or 
oflier layers in tiie desired pattern using inkjet printing, to these mefliods, a Uquid 

20 containing the desired materials or a precursor of the materials is deposited into a 
pattem. The liquid evaporates leaving the desired mataials, or a precursor, which may 
be converted to the desired material, behind. 

Patterning organics is inqjortant for coloi: displays, in which sepaaie red, green 
and blue devices are desired. When each devices made adjacent to each other, it is 

25 desirable to pattem 3 sqpstate organic layers, each of vdiich is typically first dqwsited 
over the entire surface, into three separate regions for flie red, greoi and blue devices. 

As more particularly shown in Fig. 6 (a), droplets 12 of organic containmg 
liquid carriers are dqwsited 6om an ink-jet printa- in a local area on the surfece of a 
substiate 10. As shown m Fig. 6(b), the liquid carriers evaporate to create local 

30 regions 14 of desired organic fihn. The steps of Figs. 6(a) - 6(b) are repeated as shown 
in Fig. 6(c), with a droplet 16 incident on a new region of the substiate to create 
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another organic region. 

The methods of Fig. 6(a) - (c) are used in Fig. 7(a) - (c) to fabricate organic 
light emitting diodes. A substrate 1 8 and bottom electrode 20 (which may be the same 
structure) is shown in Fig. 7(a). The electrode may be patterned for individual 
5 electrical conlrol. Organic "islands" 22, 24, Fig. 7(b) are deposited on the substrate 18 
by ink-jet printing. Electrodes 26, 28 are appHed on top of the areas 22. 24, of organic 
mataial on the substrate 18 by evq)oration, through shadow masks. 

Fig 8 (a) - (b) illusliate febrication of red, green and blue devices on the same 
substrate. As shown in Fig. 8(a), a substrate 30, such as glass, and bottom electrode 

10 32 similar to that shown and described in connection with Fig. 7(a) is prepared. In Fig. 
8(b), organic "islands" 34, 36, 38 of three dijSerent types are placed on the substrate 
30 by ink jet printing using three different solution types, as red, green and blue inks 
are used in a conventional ink-jet printer for color printing on paper. Top contacts 40, 
42, 44 in Fig. 8(c), are applied to each area of organic material m a manner similar to 

15 that shown and described in connection with Fig. 7(c). In these devices, either Ihe 
bottom or the top electrode or both may be patterned for individual electrical control. 
Each "island" of organic material may be formed by a single incident droplet, or 
sevwal droplets, either directly on top of each oflier or laterally of each oflier. 

Figs. 9(a) - (c) show febrication of bottom contacts in a pattern using ink-jet 

20 printing. The organic "islands" may be formed using ink-jet printing as previously 
discussed in connection with Figs. 6-8. As shown in Fig. 9(a) bottom contact 46 is 
formed on a substrate 48 by ink-jet printmg. As shown m Fig. 9(b), organic materials 
50 may be deposited onto the contact 46 by ink-jet printing in a desired pattern. As 
shown in Fig. 9(c) the top 52 contact may be dq>osited on the organic 50 by ink-jet 

25 printing. 

Figs. 10(a) - (c) show fibricatirai of top contacts in a pattern using ink-jet 
printing. Fig. 10(a) illustrates the creation of the bottom electrodes 56, which may be 
created in a pattem on substrate 54. Fig. 10(b) shows the deposition of organic layers 
58 onto electrodes 56 by ink-jet printing. As shown in Fig. 10(c), the top electrodes 
30 60, 62 is deposited in a pattem by ink-jet printing over the organic layers 58. 
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in connection with Figs. 9 and 10. the contacts may be fomed of a precursor 

of the final metal, metal particles suspended in a solvent, a supersaturated solution 

which will yield soUd metal (such as the Rochelle salt method), or an organic with 

good conductivity. 

5 The techniques of Figs 9 and/or 10 may be combined with the steps described 

in Figs. 6-8. Figs. 11 (a) -(c) illustrates the fabrication of three color OLED's with 
individual top contacts by ink-jet printing. Fig. 11(a) shows a substrate 64 foraied 
with bottom dectiodes 66. Hie bottom electrodes may be patterned. As shown in Fig. 
1 1(b), three types of organic, red, blue, and green, 68, 70, 72 are dqwsited by ink-jet 

10 printing. Fig. 1 1(c) aiustrates the formation of top contacts 74, 76, 78 on the organic 
islands 68, 70, 72, respectively by ink-jet printing. 

Figs. 12(a) - (d) show formation of a passive matrix using the methods of the 
present invention. In Fig. 12(a), bottom electrode lines 80, 82. 84 are formed in one 
direction on substrate 86. As shown in Fig. 12(b), polymer islands 88, 90 are appUed 

15 on top of the bottom electrode lines 80, 82 m regions to be crossed by the top 
electrode. These polymer islands 88, 90 may be of different emitting colors for a color 
display matrix. As shown in Fig. 12(c), the top contact Knes 92 are applied 
perpendicular to the bottom contact lines. The final matrix thus produced is shown in 
Fig. 12(d). 

20 Figs. 13 (a) - (c) shown the formation of an active matrix using the methods of 

flie present invention. In Fig. 13(a), individual bottom electrode surfaces 96, 98, 100 
are formed on a substrate 94 and may be insulated fiom each other as shown at 102, 
104, 106. These bottom electrodes may be connected to circuitry (not shown) which 
enables the bottom electrodes to be individually addressable. As shown in Fig. 13(b), 

25 organic "islands" 108, 110, 112 are deposited by ink-jet printing onto exposed bottom 
electrodes. These "islands" may be of different emitting color for a color matrix. As 
shown in Fig. 13(c), the top electrode 114 (Al:Li or Mg:Ag) is applied over the 
"islands". The top electrode need not be patterned. 

Figs. 14 (a) - (b) illustrate the formation of thin fihn field effect transistors with 

30 organic as the semiconducting layer. Fig. 14 (a) shows a substrate 1 16 on which gate 
electrode 1 18 is formed. Gate electrode 1 18 may be metal or a conducting polymer. 
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15 



20 



Gate insulator 120 is foimed over the gate electrode 118. Insulator 120 may be 
formedofoxganicorinorgamc material. InFig. 14 (b). a polymer semiconducting 
layer 122 of poly-thiophene. for example, is formed by ink-jet printing over msulator 
120. Source/ drain contacts 124. 126 are formed on semiconducting layer 122 by 
conventional methods. Contacts 124. 126 may be formed of gold or a conductmg 
polymer. The source/drain contacts 124. 126 may be formed before forming the 
polymer semiconducting layer 122, Further, the gate insulator 120 be also be formed 
by ink-jet printing of a material such as polyamide. 

Fig.l5iUustiatesamodifiedmethodoffibricatmgOLEDdevices. Substrate 
128 has bottom contact 130 fomred thereon. Bottom contact 130 may be patterned 
Insulator 132. 134 formed thereon. Organic material 136 is formed by ink-jet printing 
over the insulator 132. 134. Top contact 138 is fomred over organic 136. Thetop 
contact 138 may be patterned, h this approach, where insulator 132. 134 is patterned 

over the bottom contact 130. thepattemedin^ailator may adjust the wetting and dr^ 
ofthe liquid drop applied by ink-jet printmg. The patterned insulator 132, 134 also 
restricts theOLEDtoasmaUportionofthefinalpolymerdot. In both ofthe foregomg 
cases, thickness ofthe polymer in the final active OLE device is controlled as desired. 

Having thus described the invention in detaU. it is to be understood that the 
foi^hig description is not mtended to limit the spirit and scope thereof What is 
desired to be protected by Utters Patent is set forth m the appended claims. 
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£LAIMS 

What is claimed is: 

1 . A process for forming a pattern on a substrate by deposition of an organic 
material comprising the steps of: 

5 depositing organic material in a solvent onto a substrate by ink-jet printing; 

and 

evaporating the solvent, whereby said organic material remains on the 
substrate. 

2. The process of claim 1, further conqjrismg drying the deposited material to 
10 remove said solvent 

3. The process of claim 1 wherein said organic material is semiconducting. 

4. The process of claim 1 wherein said organic material is insulating. 

5. The process of claim 1 wherein said organic material is conductmg. 

6. The process of claim 1 wherein said organic material is a luminescent 
IS polymer. 

7. The process of claim 1 wherem said material mcludes polyvinylcaibazol fihn. 

8. The process of claim 1 wherein said solvent is chloroform. 

9. The process of claim 1 wherein said material includes light emitting dyes. 

10. The process of claim 9 wherem said light emitting dyes include coumarin and 
20 nilered. 

11. The process of claim 10 wherein said coumarin is coumarin 6. 

12. The process of claim 10 wherein said coumarin is coumarin 47. 

13. The process of claim 10 wherein said coumarin is coumarin 6 and coumarin 47. 

14. The process of claim 1 whmm said organic material is a mixture of polymers 
25 and other organic molecules. 

15. A process for making organic light emitting diodes comprising the steps of : 
depositing oiganic material m a solvent onto a substrate by ink-jet printing; and 
evaporating tiie solvent, said organic material remaining on the substrate. 

16. The process of claim IS wherein said d^ositing step operates an ink-jet printer 
30 in a mode to create a continuous sheet of polymer. 
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17. The process of claim 16 further including the step of metallizing said ink-jet 
printed substrates. 

18. The process of claim 17 further including the step of depositing with ink-jet 
printing top metal contacts on said substrate. 

5 19. TheprocessofclaimlSwhereinsaidtopmetalcontactsarBdepositedthiough 
a shadow mask. 

20. Tlie process of claim 15 further including Ae step of depositing with ink-jet 
printing bottom metal contacts on said substrate. 

21. The process of claim 18 wherein said top metal contacts are deposited in a 
10 pattern. 

22. The process of claim 20 wherein said bottom metal contacts are deposited in 
a pattern. 

23. The process of claim 15 further wherein said organic material includes Kght 

emitting dyes. 

15 24. The process of claim 23 further inchiding the step of depositing top contacts 
on said organic material by mk jet printing. 

25. The process of claim 24 further including the step of depositing bottom 
contacts on said substrate by ink-jet printing. 

26. A process offorming a passive matrix comprising the steps of: 
20 depositing electrode Unes on a substrate by ink-jet printing; 

depositing organic polymers onto said electrode lines by ink-jet printing; and 

depositing top contacts onto said organic polymers by ink-jet printing, said 

organic polymers being deposited in regions to be crossed by said top contacts. 

27. A process offorming an active matrix comprising the steps of: 
25 depositing bottom electrodes onto a substrate by ink jet printing; 

depositing organic polymers onto said bottom electrodes; 
depositing top electrodes onto said organic polymere; and 
connecting said bottom electrodes to circuitry for individuaUy addressing said 
bottom electrodes. 

30 28. Theprocessofclaim37whereinsaidbottom.electtodesareinsulatedfiomeach 
other in a predetemuned pattern. 
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S and 



30. 



•14- 

Aprocess of fomring thin fihn field effect transistors comprising the steps of: 
forming a gate electrode on a substrate; 
forming a gate insulator over said gate electrode; 
forming a polymer semiconducting layer on said insulator by ink-jet printing; 

forming source and drain contacts on said semiconducting layer. 
The process ofclaim 29 wherein said gate insulator is formed by ink-jet 
printing, and the semiconducting layer by other techniques. 

31. The process of claim 29 wherein the source and dr^n contacts are applied 
10 directly on the gate insulator before the semiconducting layer is deposited. 

32. The process of claim 30 wherein the sourx^e and drain contacts are applied 
directly on the gate insulator before the semiconducting layer is deposited. 

33. The process ofclaim 29 wherein the semiconducting layer comprises a non- 
polymeric organic film or a polymer/small organic molecule blend. 

15 34. The process of claim 30 wherein the semiconducting layer comprises a non- 
polymeric organic fihn or a polymer/small organic molecule blend. 
35. The process of clahn 31 wherein the semiconducting layer comprises a non- 
polymeric organic fihn or a polymer/smaU organic molecule blend. 



20 
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